Summary: Nanos is an essential factor of germ line success in all animals tested. This gene encodes a Zn-finger RNA-binding protein that in complex with its partner pumilio binds to and changes the fate of several known transcripts. We summarize here the documented functions of Nanos in several key organisms, and then emphasize echinoderms as a working model for how nanos expression is regulated. Nanos presence outside of the target cells is often detrimental to the animal, and in sea urchins, nanos expression appears to be regulated at every step of transcription, and post-transcriptional activity, making this gene product exciting, every which way. genesis 00:1-8. V C 2013 Wiley Periodicals, Inc.
INTRODUCTION
Nanos is an essential element in the formation, development, and/or maintenance of the germ line of all animals tested. It is an RNA binding protein first characterized in Drosophila as a translational repressor of the hunchback gene, a gap gene involved in anterior-posterior polarity. Nanos subsequently functions in the germ line of this organism (Cho et al., 2006; Irish et al., 1989) . The Nanos protein is structurally conserved amongst animals, with two Cys-Cys-His-Cys zinc finger motifs that are indispensable for its function (Curtis et al., 1997) ; its conserved basic surface is directly involved in the RNA binding (Hashimoto et al., 2010) . Its sequence, however, is remarkably divergent, only 19% of protein sequence similarity amongst several dipteran species (Curtis et al., 1995) . Current models argue that Nanos functions through its interaction with Pumilio, which binds RNAs containing a conserved motif in their 3 0 UTR, the Nanos Response Element (NRE), or more effectively to document the Pumilio role in this interaction, the Pumilio Response Element (PRE) (Gerber et al., 2006; Sonoda and Wharton, 1999; Wharton et al., 1998; Wharton and Struhl, 1991) . Only a few mRNAs, however, have been identified as Nanos/ Pumilio targets. These include: hunchback (a transcription factor) (Murata and Wharton, 1995; Wreden et al., 1997) , cyclin B (an interactor of a cell cycle kinase) (Asaoka-Taguchi et al., 1999; Dalby and Glover, 1993; Kadyrova et al., 2007; Lai et al., 2011) , hid (a proapoptotic protein) (Hayashi et al., 2004; Sato et al., 2007) , VegT (a T-box transcription factor) (Lai et al., 2012) , and fem-3 (a unique protein structure that associates with the ubiquitination complex) (Ahringer and Kimble, 1991; Zhang et al., 1997) (Table 1) . A database has recently been generated using Xenopus laevis to predict potential Pumilio targeted RNAs based on prevalence and concordance of PREs in their 3 0 UTR (Lai and King, 2013) .
The expression of nanos genes is highly regulated, and mis-expression of these genes often induces cell cycle and developmental defects. Studies in several model organisms showed that a loss of Nanos results in diverse abnormal phenotypes including precocious cell divisions, ectopic expression of somatic genes, abnormal germ cell migration, and eventual loss of primordial germ cells (PGCs) through apoptosis (Forbes and Lehmann, 1998; Kobayashi et al., 1996; Koprunner et al., 2001; Sato et al., 2007; Tsuda et al., 2003) . Ectopic expression of Nanos often leads to embryonic lethality, giving rise to the concept of nanos toxicity (M.L. King, personal communication) in some embryos.
NANOS/PUMILIO FUNCTIONS
In Drosophila, maternal hunchback mRNA is uniformly distributed throughout the early embryo, yet its translation is inhibited in the posterior region, resulting in an anterior-posterior protein concentration gradient. This system is a model for how morphogen gradients can form, and for how Nanos functions by being concentrated in the posterior pole of the embryo (Lehmann and Nusslein-Volhard, 1987; Struhl et al., 1992; Wharton and Struhl, 1991) . Inhibition of hunchback mRNA translation at the posterior pole to create this gradient requires an mRNP complex that consists of the NRE in its 3 0 UTR, and the protein complex Nanos, Pumilio, and Brain tumor. d4EHP, a 7-Me-Guanosine RNA cap-binding protein inhibits hunchback mRNA translation by interacting simultaneously with the mRNA 5 0 cap structure and Brain tumor within the Nanos/Pumilio complex (Cho et al., 2006) . In addition to their role in abdominal patterning, Nanos and Pumilio subsequently play several roles in the PGCs.
Generally PGCs cease proliferating shortly after their formation at the posterior pole of the embryo, emerging from quiescence only after migrating to, and integrating within, the presumptive gonad in late embryogenesis (Su et al., 1998) . In the pole cells, cyclin B translation, as in most cells, is needed for cell cycle progression but in the germ cells its translation is directly inhibited by the binding of Nanos and Pumilio to its 3 0 UTR in a Brain Tumor independent mechanism (Sonoda and Wharton, 2001) . Further, ectopic repression of cyclin B in the presumptive somatic cytoplasm causes nuclear division defects that are lethal (Kadyrova et al., 2007) . Nanos probably acts in the germ line, at least in part, by recruiting the CCR4-Pop2-NOT deadenylase complex, interacting directly with the NOT4 subunit (Kadyrova et al., 2007) . Nanos and Pumilio are also required for the survival of the germ line by repressing the translation of hid through PREs in its 3 0 UTR. Hid is a member of the RHG gene family required for caspase activation (Sato et al., 2007) . Pole cells lacking maternal Nanos enter the apoptotic pathway by precocious Hid activity and do not populate the embryonic gonads (Hayashi et al., 2004) . In Xenopus, Nanos1-depleted PGCs inappropriately express somatic genes characteristic of endoderm regulated by maternal VegT, including Xsox17a, Bix4, Mixer, GATA4, and Edd. Pumilio specifically binds VegT RNA in vitro and represses, along with Nanos1, VegT translation within the PGCs (Lai et al., 2012) . In Caenorhabditis elegans, normally, hermaphrodites make sperm first and then switch to oogenesis. The translational repression of fem-3 controls this switch (Ahringer and Kimble, 1991) . In mutants that disrupt a regulatory element in the fem-3 3 0 UTR, the switch does not occur, and sperm are made continuously. FBF, a pumilio homolog, binds the 3 0 UTR of fem-3, and can form a regulatory complex with Nanos-3 to regulate the sperm-oocyte switch (Kraemer et al., 1999; Zhang et al., 1997) .
NANOS FUNCTION IN THE GERMLINE
The essential nature of Nanos function in germ line development is seen widespread. In the planarian flatworms, nanos is expressed in the testes and the ovaries of juvenile and mature hermaphrodites, and in the presumptive testes primordia of asexual individuals that reproduce strictly by fission. RNA interference experiments show that Nanos is required for proper germ cell development, regeneration, and maintenance in both sexual and asexual planarians (Wang et al., 2007) . In the nematode C. elegans, three nanos-related genes have been identified. Nanos-2 is required maternally for efficient incorporation of the PGCs into the somatic gonad and has overlapping functions with Nanos-1 to regulate survival and proliferation of PGC descendants during larval development (Subramaniam and Seydoux, 1999) . Nanos-3 functions in the sperm-to-oocyte switch in hermaphrodites (Kraemer et al., 1999) .
In Drosophila, Nanos is required in the male and female germ line (Bhat, 1999) . The protein is required for the migration (Forbes and Lehmann, 1998; Kobayashi et al., 1996) and the survival (Sato et al., 2007) of the pole cells which give rise to the PGCs. PGCs are normally transcriptionally repressed at times when somatic cells are initially expressing their gene program. In Drosophila as well as in C. elegans, loss of Nanos results in prematurely active transcription and the failure to establish germ line-specific histone modifications typical of transcriptionally inactive chromatin (Schaner et al., 2003) .
In zebrafish, three nanos homologs are present in the genome. Nanos3 function is required for the maintenance of GSCs, and Nanos2 and Nanos3 functions are Switch from sperm to oocyte
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partially overlapping (Beer and Draper, 2013) . A null mutation in the zebrafish homolog of nanos3 (formerly nanos1) has been described (Draper et al., 2007) . In contrast to wild-type ovaries, which contain both mitotic and meiotic germ cells, juvenile nanos3-mutant ovaries contain only meiotic germ cells, and no oocytes are present in these ovaries even after 5 months of age. The zebrafish Nanos3 also regulates PGC migration and survival during embryonic development (Koprunner et al., 2001) .
Xenopus nanos RNA (nanos1; formerly called Xcat2) is expressed in the germ line (Houston and King, 2000; Mosquera et al., 1993) . This nanos mRNA is most abundant in the oocyte and is localized to the vegetal cortex. Misexpression of Nanos in oocytes from un-restricted RNA (expression of nanos in the somatic cells) results in abnormal development and embryonic lethality, indicating that restriction of nanos translation to the germ line is crucial . nanos RNA and protein persists until PGCs leave the Xenopus endoderm at late tailbud stages. Nanos1-depleted PGCs fail to migrate out of the endoderm, inappropriately express somatic genes characteristic of the endoderm, and undergo apoptosis (Lai et al., 2012) .
The mouse genome contains three nanos genes and knock-out of Nanos1 did not reveal a discernible germ cell function for this ortholog . Nanos2 mutant mice, however, have decreased testis size and are infertile due to a loss of germ cells following PGCs incorporation into the gonad, while female mice appear developmentally normal and retain fertility (Saga, 2010; Tsuda et al., 2003) . Nanos3 knockout mice present a decrease in gonad size and both males and females are infertile.
Analysis of nanos mRNA expression in human fetal and adult tissues indicated that expression of nanos2 and 3 was enriched in the fetal ovary, testis, and brain, as well as in the adult ovary and testis (Curtis et al., 1995; Julaton and Reijo Pera, 2011) . Nanos 3 protein is expressed during multiple stages of human oogenesis, including primordial, primary, secondary, and antral follicles, with the highest expression in the oocytes. A decrease in Nanos3 expression by morpholino nucleofection in human Embryonic Stem Cells (hESCs) resulted in reduced germ cell numbers and aberrant expression of germ cell markers (Julaton and Reijo Pera, 2011) . Recently, a novel mutation in the human nanos3 open reading frame (Arg153Trp) was found on a screen of "primary ovarian insufficiency (POI)" patients (Wu et al., 2013) . POI is defined as the cessation of ovarian function before the age of 40. The human Nanos3 protein has a half-life of 3 h in HEK293 cells, whereas the mutated protein had an even shorter half-life of 1.5 h. The mutant Nanos3 protein tends to be structurally unstable and form aggregates which are cleared by the ubiquitin-proteasome system. The results suggest that the dosage of Nanos3 has an important role in the maintenance and survival of PGCs in mouse model, and establishes a possible link between Nanos3 and POI in humans.
In spite of the many animals studied for germ line determination and for Nanos function, remarkably little conservation exists for each of the regulatory steps in Nanos expression. Clearly a broad perspective in Nanos regulation is important in order to see the deep trends in Nanos functionality and transition in its regulation and function.
NANOS REGULATION IN ECHINODERMS
Echinodermata is a diverse Phylum, a sister group to Chordates, and contains varied organisms that may be useful to understand the mechanisms of the germ-line specification. In the sea star P. miniata, nanos mRNA is detected in the oocyte and then later in development in the posterior enterocoel. This later structure in sea stars is important as it appears to be a source of germ cells. This suggestion is based on these cells accumulating nanos, vasa, and piwi-each important in germ line determination, excluding transcripts important for somatic cell fates, and upon removal of the posterior enterocoel, many fewer germ cells form later in development (Fresques et al., in press; Inoue et al., 1992). The function of Nanos, if any, in formation of the posterior enterocoel or germ line of this organism has not been tested.
Significant testing of nanos in the sea urchin though has been accomplished. Sea urchin embryos contain three nanos homologs, each expressed in the small micromeres ( Fig. 1) (Juliano et al., 2010) . This is the lineage in sea urchins that contributes to the germ line (Yajima and Wessel, 2011) . Four small micromeres arise from an asymmetric division of the micromeres as the embryo develops from the 16-cell to 32-cell stage. Subsequently, the small micromeres divide once when in the vegetal plate of the blastula and then they remain quiescent for the rest of embryogenesis. Thus, eight small micromeres travel at the tip of the invaginating archenteron and then are incorporated into the coelomic pouches of the pluteus. In the sea urchin Strongylocentrotus purpuratus (Sp), Sp-Nanos1, and 2 knockdown gastrulae show a precocious increased number of Sp-vasa RNA positive cells at the tip of the archenteron suggesting that Sp-nanos1 and 2 may be required to maintain the mitotically quiescent state of the small micromeres during embryogenesis. These embryos also accumulate increased Sp-nanos1 and 2 transcripts, suggesting a feedback mechanism to maintain steady levels of Nanos protein. Further, Sp-Nanos1 and 2 are required to maintain the small micromere lineage-Nanos knockdown results in apoptosis of the small micromeres. Additionally, Nanos is required for the formation of the adult rudiment-Nanos knockdown larvae develop guts, skeletal systems, and larval shape but the coelomic pouches do not form and the larvae, although swimming and feeding, do not develop beyond a stunted early larva (Juliano et al., 2010) . At this point, it is not known whether the small micromeres contribute to additional fates in the larvae (as a multipotent cell), induce additional fates in cells of the larvae to develop into coeloms, or whether nanos is present at low levels in the developing larvae that is required for diverse tissue morphogenesis, but which is inhibited by the knockdown strategy used. In the In the sea urchin Hemicentrotus pulcherrimus (Hp), knockdown experiments also showed that Hp-Nanos2 is involved in the ingression of primary mesenchyme cells (PMCs) at the mesenchyme blastula stage, and is required for the survival of small micromere descendants after gastrulation. Hp-Nanos2 knockdown caused a decrease in the number of cells comprising the left coelomic pouch, resulting from a caspase-dependent apoptotic cell death of small micromeres at the tip of the archenteron (Fujii et al., 2009) .
In sea urchins, FoxY positively regulates nanos transcription (Song and Wessel, 2012) . It is a member of the forkhead transcription factor family that is transiently enriched in the presumptive germ line of sea urchins (Ransick et al., 2002) . Two splice forms of FoxY protein are present in the ovary and in early development. Both forms of foxy mRNA accumulate in the small micromeres lineage and in the adjacent non-skeletogenic mesoderm. Embryos injected with a FoxY morpholino contain reduced levels of nanos mRNA and protein. Moreover, the FoxY morpholino disrupts the coelomic pouch development (Song and Wessel, 2012; Materna et al, 2013) and the embryos present a phenotype similar to the Nanos-knockdown (Juliano et al., 2010) . Interestingly, most of the forkhead transcription factors bind FIG. 1. Expression of Sp-nanos1/nanos2 and Sp-nanos3 mRNA in the small micromere lineage by in situ hybridization (Juliano et al., 2010) .
to a seven-nucleotide core consensus sequence (RYMAAYA [R5A or G; Y5C or T; M5 A or C]) that is found several times in the nanos promoter. In the future, this region of the putative promoter should be dissected and tested for the factors essential for its expression. Further, if FoxY is essential for this transcription, how is it selectively functional in the small micromeres at this time? The timing of FoxY expression is more consistent with its functioning to maintain nanos transcription than to initiate it.
In vitro differentiation of isolated micromeres resulted in expression of both Vasa and nanos on schedule (Yajima and Wessel, 2012) . This is particularly noteworthy since although the skeletogenic genes of the PMC lineage (large micromeres) have been seen to be regulated in vitro similarly to the intact embryo, suggesting an autonomy of PMC differentiation, this is the first example of autonomous development and gene expression in the small micromeres. This result means that at least by the 16-cell stage, the micromere is committed to gene expression by each of the subsequent lineages in the asymmetric division. Although nanos gene regulation is yet to be understood, we can assume that at least sufficient machinery is in place for the small micromeres by this time to enable activation of the nanos gene independent of the rest of the embryo.
Mere RNA presence is insufficient to conclude translational activity and protein accumulation encoded by the gene. Indeed, nanos mRNAs are translationally repressed in many cases (Drosophila (Gavis et al., 1996) , C. elegans (D'Agostino et al., 2006), Xenopus ). In sea urchins however, Nanos2 protein selectively accumulates in the small micromeres shortly following accumulation of its mRNA. No broad translational delay appears in this embryo as is seen in many other organisms. The initiation of translation, 0 UTR, Sp-nanos2 ORF, and Sp-nanos2 3 0 UTR. The regulatory elements, GNARLE and NRRE, located in Sp-nanos2 3 0 UTR, are presented with a red and a blue line, respectively. To test nanos regulation, Sp-nanos2 ORF was exchanged by the GFP ORF, and the 3 0 UTR was modified. Constructs were injected in Sp fertilized eggs. (b) Schematic of the GFP protein expression and the retention of the RNA obtained in mesenchyme blastula after injection of the construct presented in (a). Four different 3 0 UTRs were tested: Sp-nanos2 3 0 UTR full length, GNARLE, DGNARLE, and Xenopus b-globin 3 0 UTR.
NANOS GENE REGULATION IN ECHINODERMS
however, is not standard. Nanos translation requires an element in its 3 0 UTR (Oulhen et al., 2013) . This element is composed of 388 nucleotides and is referred to as GNARLE (Global Nanos Associated RNA Lability Element) (Fig. 2) . It contains two regions that are highly conserved between S. purpuratus (Sp) and H. pulcherrimus (Hp), two sea urchin species separated by 20 million years, but not in L. variegatus, separated by a last common ancestor of 50 million years (Smith et al., 2006) . GNARLE is required for the selective retention of an injected RNA in the small micromeres but is not as effective as the full length 3 0 UTR. Even though GNARLE does not give a strong selective RNA retention, this element is sufficient for high protein enrichment in the small micromeres, suggesting a role of the GNARLE in inhibiting the translation in the non-small micromeres, and/or stimulating the translation in the small micromeres. Deletion of GNARLE leads to a stabilization of the protein expression throughout the embryo (Spnanos2 5 0 UTR-GFP ORF-Sp-nanos2 3 0 UTR DGNARLE) in comparison with a control mRNA bearing only GNARLE in its 3 0 UTR. Moreover, the Sp-nanos2 5 0 UTR is insufficient for selective RNA retention or protein enrichment but does strongly increase the level of protein synthesis compared to a control Xenopus b-globin 5 0 UTR. This regulation is independent of the 3 0 UTR used. These data suggest that in sea urchins also, nanos is regulated at the translational level through elements in both its 5 0 and 3 0 UTRs (Oulhen et al., 2013) .
RNA stability is also an important regulator of selective nanos expression in the small micromeres. Any ectopic mRNA injected into the early sea urchin embryo retains the mRNA selectively in the small micromeres (Oulhen et al., 2013b) . The nanos2 mRNA also selectively accumulates in the small micromeres, but it requires an element in its 3 0 UTR (Oulhen et al., 2013) . Designated as NRRE (Nanos RNA Retention Element), it contains the GNARLE region plus additional flanking sequences and is sufficient to drive mRNA retention dynamics similar to the one obtained with the full length 3 0 UTR. The mechanism of selective retention in the small micromeres-both the mechanism for such long lived mRNA in small micromeres, and the rapid turnover in non-small micromeres-is yet unknown. It is clear though that the degradation of nanos RNA outside of the small micromeres is independent of the miRNA pathway (Oulhen et al., 2013) .
Using sea urchins as a model, nanos has been found to be regulated by transcription, translation, and RNA stability. Moreover, the expression of nanos mRNA is inducible in other cell lineages in the Nanos knockdown and micromere-deleted embryos (Fujii et al., 2009; Juliano et al., 2010) , suggesting that the small micromere descendants repress nanos mRNA expression in other cell lineage. It is unclear, however, if the effect is direct or indirect. This repressive function of the micromere lineage was also observed for Vasa protein expression in sea urchin (Voronina et al., 2008) .
Key elements for examination of Nanos function in the future include the mechanism of transcriptional regulation in the sea urchin. Nanos is an important, select, and early transcriptional product of the small micromeres, and understanding how it is activated is important for an understanding of this lineage. The RNA retention mechanism for nanos (and other transcripts) in the small micromeres is important. Clearly the small micromeres, as PGCs, have unique characteristics in the embryo, many of which are shared with other animals. The character of RNA retention is likely a shared strategy by PGCs in many animals and understanding how RNA is differentially treated in the germ line is important for understanding the establishment and maintenance of these cells. Finally, the Nanos protein sequence is remarkably diverse in echinoderms and other animals. Understanding this marked diversification may illuminate differences in the PGC program and perhaps in the promiscuous functionality of its key regulators. 
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